Modified Higuchi Model Applied to Permeation Prediction of Nanocomposite Membranes  by Idris, Alamin et al.
 Procedia Engineering  148 ( 2016 )  208 – 214 
1877-7058 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of ICPEAM 2016
doi: 10.1016/j.proeng.2016.06.574 
ScienceDirect
Available online at www.sciencedirect.com
4th International Conference on Process Engineering and Advanced Materials 
Modified Higuchi Model Applied to Permeation Prediction of 
Nanocomposite Membranes 
Alamin Idrisa,*, Zakaria B Manb, Abdulhalim Mauluda, Iqbal Ahmedb 
aDepartment of Chemical Engineering, Universiti Teknologi PETRONAS,32610 Bander Sri Iskander, Perak, Malaysia  
bDepartment of Mechnical Engineering, King Abdulaziz University, POBox 80200, Jeddah 21589, Saudi Arabia 
Abstract 
In this work, the existing Higuchi models were used for the prediction of gas permeability through the nanocomposite membranes. Predicted 
values were compared with experimental results of permeability for polycarbonate/silica nanocomposite membranes. Based on the critical 
analysis of the models predictions and its deviations, the parameter that influences the permeation behavior has been identified. The results 
revealed that for any particular gas, the change of empirical Higuchi parameter exhibited a direct impact on the accuracy the model. Thus, a 
modified parameter was incorporated on the modified Higuchi model relating to the intrinsic properties of the penetrant gas. With the new 
proposed Higuchi model, appreciable predictions of gas permeability through polycarbonate/silica nanocomposite membranes were achieved. 
The calculated absolute average relative error for CO2, N2 and CH4 gas permeability were found to be 7.18%, 6.07%, and 6.14%, respectively. 
Their corresponding standard deviations were obtained as 2.53, 1.53 and 0.73 Comparing the existing Higuchi models predictions, the new 
proposed Higuchi model has resulted to a reduction in relative errors by 6.3% for CO2, 70.66% for N2, and 65.25% for CH4.  
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1. Introduction 
    Nanocomposite membranes as any hybrid membrane appeared to overcome the selectivity-permeability trade-off challenges of 
polymeric membranes. Nanocomposite membranes are heterogeneous structure generally composed of organic polymer and 
inorganic nanoparticle insertions. The researchers choice to nanocomposite membranes are motivated to achieve improved 
performance using combined advantages of each constituent’s desirable properties such as high selectivity, good mechanical 
strength, and chemical stability of inorganic nanoparticles, and cost, ease of processability of polymers [1-4]. Recently, several 
researchers have reported improved performance and properties ahead of the constituent’s intrinsic property [5-7].  
    As most the existing permeation models such as Maxwell [8], Bruggeman [9], Pal [10], Felske [11], and their modified models 
were derived from theoretical concepts to predict thermal or electrical constants. Such models were then adapted conveniently to 
predict permeation of penetrant gases through the composite or mixed matrix membranes. Similarly, Higuchi model [12] was 
also first developed for the prediction of dielectric constants of two-phase composite with a random particle distribution. The 
Higuchi model was then modified to account for the change in the permeability of the nanocomposite membranes. Few 
researchers have utilized the modified Higuchi model as predictive tool for permeability of nanocomposite membranes with 
impermeable silica [13, 14]. 
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      In this study, the objective is to test the existing Higuchi models and propose an improved Higuchi model suitable for 
describing the permeation behaviour of polycarbonate/silica nanocomposite membranes to different penetrant gases. 
Modification of key parameter that affects the permeation behaviour was established in relation to the penetrant gas properties. 
The predicted permeabilities were compared with the experimental permeabilities, standard deviations and absolute average 
 
Nomenclature 
Q  permeance 
A effective area of membrane 
QSTP volumetric flow rate at STP 
l effective thickness of membrane 
P permeability 
S Solubility\ 
ΔP Pressure difference 
D Diffusivity 
N  number of data points permeability  
Pr  reduced permeability 
Peff effective permeability 
relative errors for Higuchi models and the proposed Higuchi model were computed using MATLAB£ software. 
2. Theory 
2.1. Gas Permeation 
The permeance and the permeability are the two commonly used terms that describes the permeation of gas through an effective 
area of membrane. Thus, the permeance, Q, (cm3 (STP).cm-2.s-1.cmHg-1) is defined as the flux per unit pressure difference among 
the upstream and downstream sides of membrane. Gas Permeance Unit (GPU) is seldom as a unit of permeance (where 1 GPU = 
10-6cm3 (STP).cm-2.s-1.cmHg-1). 
STPQQ=
AxΔP
                                                                                                            (1) 
If the thickness “l” of the membranes is known, then the permeability, P, (cm3 (STP).cm/cm2.s.cmHg) is as follows. 
STPQ xlP=Qxl=
AxΔP
                                                  (2) 
Permeability unit is defined as 1 barrer = 10-10 cm3 (STP).cm.cm-2.s-1.cmHg-1. For solution-diffusion mechanism, the permeability 
of gas PA is the product of its solubility SA and diffusivity DA through the membrane material [15]: 
A AP =S DA                                                                           (3)  
The ideal selectivity or permselectivity is defined as the ratio of permeabilities of gas A and B [16]: 
A A A
A/B
B B B
P S Dα = =
P S D
                                                                                                                           (4)  
Therefore, using Eq. 2 and Eq. 4, the performance or the separation efficiency of the membranes can be determined. 
2.2. Higuchi Models    
The amount of the inorganic nanoparticles in nanocomposite membranes is generally expressed in terms of weight or volume 
fraction. For most cases, the impact of inorganic nanoparticles has being extensively studied and modelled. Thus, the volume 
fraction of inorganic nanoparticles in the membrane can be calculated as [17]: 
d d
d
P P d d
ρ
= ρ + ρ
w
w w
I                              (5) 
where wd and wP are the weights of particles and the polymer, ρd and ρP are the density of particles and polymer. 
The basic Higuchi model was developed to predict the dielectric constant of composites with a random dispersion of spherical 
particles comprising to two-phase mixtures. Analogically, the model was adapted to predict the permeation behaviour of a two 
phase nanocomposite membranes, i.e., nanocomposite membranes with random dispersion of inorganic particles. The basic 
Higuchi model is expressed as follows [13]:  
eff d
r
c d H d
P 6
P 1
P [4 2 K (1 )]
I    I  I
                                   (6) 
Pc permeability of continuous phase 
Pd permeability of dispersed phase 
AARE absolute average relative error 
KH Higuchi parameter 
KH* Modified Higuchi Parameter 
a, b Regressed parameters  
Greek letters 
D permeability ratio or selectivity 
Id volume fraction of silica 
U density 
E polarizability factor 
V Standard deviation 
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KH was treated as an empirical constant on the basis of experimental value and parameters. However, in nonideal nanocomposite 
membranes, undesirable defects such as void formations, polymer chain rigidification and pore blockage occurs [2, 18-20]. Due 
to such morphological changes, the interactions of penetrant gas changes, as a consequence increase or decrease in permeability 
takes place.  In order to account the change in permeability due to the undesirable defects, a parameter β was introduced to Eq. 6. 
The modified Higuchi model is then becomes [16]: 
eff d
r 2
c d H d
P 3
P 1
P [1 K (1 ) ]
EI   EI  I E
                                          (7)  
β is a parameter known as permeation polarizability which serves as an appropriate measure of permeability difference between 
dispersed spheres and polymer matrix [16].  
d
d c
P Pα 1β α 2 P 2P
c   
                          (8) 
where Pd is the permeability of dispersed phase and D is the permeability ratio, Pd/Pc. The parameter β, is bounded by -0.5 ≤ β ≤ 
1. The lower and upper limits correspond to totally non-permeable and to perfectly permeable inorganic particles, respectively.  
If β = 0, which implies α = 1, i.e., equal permeability in both phases Pd = Pc. If  
β = -0.5, i.e., if Pd = 0, then the modified Higuchi reduces to the basic Higuchi model. 
2.3. New Proposed Modification on Higuchi Model 
The Higuchi constant KH, though assigned to constant value, based on literature [14], and the behaviour of low permeating 
inorganic silica, with β o-0.5, the modified Higuchi model tends to reduces to the basic model. In such cases, the parameter KH 
becomes dependent on the property of the penetrating gas, and the volume fraction of silica. Thus new KH* is incorporated 
instead of KH. The relationship of KH* can be established by the following expression: 
* ( )
n
H dK a bI                                                     (9) 
where a and b are regressed or fitted parameters, a is related to kinetic diameters of penetrating gas, while b is the ordinary 
Higuchi constant KH. n is number atoms of the penetrating gas molecule. Therefore, the modified Higuchi model Eq. 7 becomes:  
eff d
r 2
c d H* d
P 3
P 1
P [1 K (1 ) ]
EI   EI  I E
                        (10) 
3. Materials and Methods 
In order to measure the actual experimental permeabilities of pure polycarbonate and polycarbonate/silica nanocomposite 
membranes, the membranes were first cut to 58 mm diameter using circle cutter, in order to have the effective membrane surface 
area as 19.63 cm2.  The composition of the nanocomposite membranes in terms of silica content is presented in Table 1. Their 
respective volume fraction of silica nanoparticle was calculated according to the Eq. 5. The membrane thickness was measured 
with digital micrometer (Digimatic Micrometer, Mitutoyo) and used in the calculation of permeability of gases as given by Eq. 2. 
Table 1 Silica contents and thickness of pure PC and PC/silica nanocomposite membranes 
S. No. 
Membrane 
Name 
Silica weight 
fraction, wt% 
Silica volume 
fraction, vol% 
Thickness of 
Membrane, Pm 
1 Pure PC 0 0 46.72±2.8 
2 PC/Si1 1 2.65 62.40±1.5 
3 PC/Si2 2 5.17 51.20±2.0 
4 PC/Si3 3 7.56 41.26±1.8 
5 PC/Si4 4 9.84 47.02±4.0 
6 PC/Si5 5 12.00 48.00±1.4 
The permeabilities of nitrogen, methane and carbon dioxide in pure PC and PC/silica nanocomposite membranes were measured 
at 2 bar feed pressure and 24 oC, using 4-channelled permeation cell as shown as Fig. 1. In this set up, the volumetric flow rates 
of permeated gas were measured using bubble flow meter. The permeability of gases and selectivity were then calculated using 
Eq. 2 and Eq. 4, respectively. 
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Fig. 1 Schematic diagram for 4 channel permeation cell set-up 
The carbon dioxide, nitrogen and methane gas permeability of pure silica membrane (Pd) was obtained from literature [21], and 
considered as the permeability of the dispersed phase in the nanocomposite membranes for the model predictions. Table 1 shows 
the permeability of the dispersed phase in the nanocomposite membranes. 
Table 2 Permeability of silica (dispersed phase permeability)[21] 
Penetrating  
Gas 
Permeance, 
GPU 
Permeability, 
barrer 
CO2 3.42E-03 1.71 
N2 4.22E-05 0.0211 
CH4 9.68E-06 0.00484 
The predictions of permeability of gases through the nanocomposite membranes were first obtained using the basic and modified 
Higuchi models. Furthermore, the predictions of permeability of gas were obtained the new proposed Higuchi model. The 
validations of the models were carried out by comparing the predicted permeability with experiment permeability using 
MATLAB£ software for two validation criteria i.e., standard deviation (V) and absolute average relation error (AAREi), which 
can be obtained by the following expressions [22]: 
N
2
i i
i 1
1
(RE (%) ARE (%))
N  
V  ¦                                                   (11) 
pre expN
i i
i exp
i 1 i
P P100
AARE (%)
N P 
 ¦                                                    (12) 
where Ppre and Pexp are the predicted and experimental permeabilities, respectively. N is the number of data points. REi and AREi 
are relative and average relative errors. The calculated standard deviation and absolute average errors of each model were 
compared to analyze the behaviour of model parameters.  
4. Results and Discussion 
The PC/Silica nanocomposite membranes were composed with varying silica content as shown in Table 1. The performance of 
the membranes was tested by measuring the permeate gases flow rates and calculating their permeability. Table 3 shows the 
experimentally obtained permeability and selectivity of the membranes with different volume fraction of silica nanoparticles. 
The permeability results reveals that the CO2 permeability has generally increased with the increase in silica content of the 
membranes, however the permeabilities of N2 and CH4 gases have decreased. A plot of permeabilities versus silica volume 
fraction is presented in Fig. 2a. The reason behind increased permeability of CO2 through nanocomposite was given by several 
researchers based on the morphological changes and the property of the penetrant gas. Bakhtiari et al [23] proposed that the 
increase of in permeability of CO2 gas through the nanocomposite membranes due the poor polymer-inorganic interaction, as a 
result of which interfacial defects such as voids, polymer chain rigidification, and pore blockage were the main reasons. 
However, Morteza et al [14] reported that the intrinsic property of CO2 gas, such as its kinetic diameter, polarity and the 
condensability, are factors behind the increase of CO2 permeability in their respective nanocomposite membranes.  
Table 3 CO2, N2, and CH4 permeability of pure PC and PC/Silica nanocomposite membranes at 2 bar and 24 
oC 
Membrane 
Name 
Permeability (barrer) Selectivity 
2
310COP
u  2 310NP u  4 310CHP u  2 2CO ND  2 4CO CHD  
Pure PC 69.67 3.26 3.75 21.38 18.60 
PC/Si1 99.23 1.93 2.74 51.45 36.20 
PC/Si2 89.48 1.80 2.76 49.68 32.47 
PC/Si3 84.00 1.73 2.75 48.54 30.53 
PC/Si4 103.91 2.16 3.50 48.20 29.66 
PC/Si5 122.09 2.57 4.37 47.50 27.97 
Considering the intrinsic properties of the gas, as the responsible factor for the change in permeability remain valid for most 
gases. This fact was later demonstrated by the permeability of N2 and CH4 through the same membranes tested. The reduction in 
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N2 and CH4 permeabilities confirm that the intrinsic gas properties are major factors attributing to the change permeability. As 
the penetrating gases are subject to interact with nanoparticles in the membrane matrix, their distribution and volume fractions 
influence the permeation behaviour of the gases. Moreover, the interaction of penetrating gases with the polymer matrix is also a 
factor that influences the gas permeabilities, i.e., dependent on the type of polymer and its morphology. An increment in silica 
content has shown different permeation behaviours which in turn resulted to varying performance of the membranes. The order 
of gas permeabilities through the PC/silica nanocomposite membranes are: 
2 4 2CO CH N
P >>P >P . 
    Higuchi models were employed for the prediction of the permeability in nanocomposite membranes with randomly distributed 
spherical particles in a polymer matrix. Therefore, the permeability predictions with the basic and modified Higuchi model was 
estimated for PC/silica nanocomposite membranes were computed. Fig. 3 and Fig. 4 show the experimental and predicted 
permeability using Higuchi models as function of silica volume fraction (Id). 
The order of gas permeability have manifested at their respective selectivities, which is presented in Fig 2b. Since N2 gas has 
lower permeabilities as compared to CH4, the selectivity of CO2/N2 appeared to be higher than the selectivity of CO2/CH4 for the 
same nanocomposite membranes. In cases, though the selectivity decreased with the increase of silica content, but when 
compared to pure PC membrane, the selectivities have enhanced greatly.     Higuchi models were employed for the prediction of 
the permeability in nanocomposite membranes with randomly distributed spherical particles in a polymer matrix. Therefore, the 
permeability predictions with the basic and modified Higuchi model was estimated for PC/silica nanocomposite membranes were 
computed. Fig. 3 and Fig. 4 show the experimental and predicted permeability using Higuchi models as function of silica volume 
fraction (Id). 
    Higuchi models were employed for the prediction of the permeability in nanocomposite membranes with randomly distributed 
spherical particles in a polymer matrix. Therefore, the permeability predictions with the basic and modified Higuchi model was 
estimated for PC/silica nanocomposite membranes were computed. Fig. 3 and Fig. 4 show the experimental and predicted 
permeability using Higuchi models as function of silica volume fraction (Id). 
 
Fig. 2 Experimental and predicted permeabilities with basic Higuchi model a) CO2 gas, b) N2 gas c) CH4 gas 
 
Fig. 3 Experimental and predicted permeabilities with modified Higuchi model a) CO2 gas, b) N2 gas c) CH4 gas 
The results indicate that the Higuchi model predicted CO2 permeability appreciably well as compared to the N2 and CH4 gas 
predicted permeability, with AARE 7.66 and 7.18%, using the basic and modified Higuchi models respectively. However, the 
predicted N2 and CH4 permeabilities showed high AARE values for the Higuchi models. Both the models exhibited similar 
prediction behaviours. The insertion of the factor E on the modified Higuchi model has not impacted remarkably the predicted 
value. This is due to the low permeabilities of the dispersed silica nanoparticles which in turn behaved as impermeable permeable 
particles. 
Table 4 Standard deviation and AARE (%) for the existing Higuchi models and proposed Higuchi model 
Model 
Penetrant 
Gas  
Higuchi Parameter, KH 
Standard 
deviation  V 
AARE 
(%) 
Basic Higuchi 
Model 
CO2 6.036 4.53 7.66 
N2 3.444 5.76 20.63 
CH4 2.642 7.06 17.64 
Modified Higuchi 
Model 
CO2 5.910 2.63 7.18 
N2 3.440 5.53 20.69 
CH4 2.630 6.91 17.67 
New proposed CO2 3* 0.954 5.9037H dK I   2.53 7.18 
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Higuchi Model N2 2* 113.56 3.8429H dK I   1.53 6.07 
CH4 
5
* 980617 3.5672H dK I   0.75 6.14 
Analyzing Higuchi parameter KH, the Higuchi parameter was assigned to different value based on the type of penetrant gas. 
Usually, the KH value was determined based the least values of AARE. In agreement with the literature [13, 14], the KH 
parameter was found to be dependent on the penetrant gas tested, which can be further related to the intrinsic property of the gas. 
Moreover, it is also evident that the morphological changes in the nanocomposite membranes are also factors that influence the 
penetrating gas interaction and thus its permeability which may be further related with KH parameter. To consider the effects of 
penetrant gas and the membrane matrix, the volume fraction of silica and its distributions were taken into account and a new 
modified KH* was formulated according to Eq.9.  
The modified KH* for three gases are presented in Table 4. The Higuchi model with modified KH* predictions accuracy in terms 
of AARE (%) and standard deviation (V) are also shown. The negative sign for KH* relation for N2 and CH4 gases indicates the 
decrease in predicted permeability. The predicted permeabilities using the new modified Higuchi model were compared with 
experimental permeability as shown in Fig. 4. The new model predictions resulted in least errors and standard deviations. 
Table 5 Analysis of the new proposed Higuchi model parameters 
Penetrant 
Gas 
KH* 
Number of 
atoms n 
Coefficient 
a 
b = KH 
Kinetic 
diameter, nm 
CO2 30.954 5.9037dI   3 0.995 5.9037 0.330 
N2 2113.56 3.8429dI   2 10.889 3.8429 0.364 
CH4 5980617 3.5672dI   5 15.787 3.5672 0.380 
 
Fig. 4 Experimental and predicted permeabilities with the new proposed Higuchi model a) CO2 gas, b) N2 gas c) CH4 gas. 
Comparing the predictions of the new proposed Higuchi model with the existing Higuchi models, the accuracy of the new model 
have improved to a great extent for N2 and CH4 gases, whereas for CO2 gas, the existing models can predict appreciably. The 
reduction in absolute average relative errors achieved with the new proposed model was 6.3% for CO2, 70.66% for N2, and 
65.25% for CH4. 
 
 
 
 
 
 
 
 
 
The new KH* parameter was formulated to represent the behaviour of penetrant gas.  Analyzing Higuchi parameter KH, the 
Higuchi parameter was assigned to different value based on the type of penetrant gas. Usually, the KH value was determined 
based the least values of AARE. In agreement with the literature [13, 14], the KH parameter was found to be dependent on the 
penetrant gas tested, which can be further related to the intrinsic property of the gas. Moreover, it is also evident that the 
morphological changes in the nanocomposite membranes are also factors that influence the penetrating gas interaction and thus 
its permeability which may be further related with KH parameter. To consider the effects of penetrant gas and the membrane 
matrix, the volume fraction of silica and its distributions were taken into account and a new modified KH* was formulated 
according to Eq.9.  
The modified KH* for three gases are presented in Table 4. The Higuchi model with modified KH* predictions accuracy in terms 
of AARE (%) and standard deviation (V) are also shown. The negative sign for KH* relation for N2 and CH4 gases indicates the 
decrease in predicted permeability. The predicted permeabilities using the new modified Higuchi model were compared with 
experimental permeability as shown in Fig. 5. The new model predictions resulted in least errors and standard deviations. 
Table 5 shows the KH* parameters, a plot of coefficient a versus the kinetic diameters of gases related linearly as shown in Fig. 5. 
The coefficient a assumed to be related to the intrinsic property of the gas, the parameter b is simply the Higuchi constant. Other 
Fig. 5 Plot of coefficient a as function of the kinetic diameter of penetrant gas 
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properties such as polarity and condensability gases may further be associated with KH parameter.  
5. Conclusion 
Experimental gas permeabilities of the membranes were measured using 4-channel permeation setup. Results show that presence 
of the inorganic silica nanoparticle in the membrane has increased the selectivity of the membrane. The increased selectivity is 
due the change in the permeability of various gases. The increase in permeability of CO2 gas was significantly higher. The reason 
for the change in permeability is due to the penetrant gas intrinsic properties with respect to the morphological changes of the 
membrane. 
Higuchi models were used for prediction of gas permeability; however, the Higuchi model resulted to high value of AARE for 
N2 and CH4 gases. On critical analysis of the models predictions, modified Higuchi parameter was incorporated. The new 
proposed model has yielded to appreciable predictions of gas permeability through PC/Silica nanocomposite membranes. With 
the modified parameter, the calculated absolute average relative error for CO2, N2 and CH4 gas permeability are 7.18%, 6.07%, 
and 6.14%, respectively. The standard deviation of the new proposed model predictions were calculated and found to be 2.53, 
1.53 and 0.73 for CO2, N2 and CH4 gas, respectively. Comparing the AARE of the new proposed model with Higuchi models 
predictions errors, the AARE of the new proposed Higuchi model has resulted to reduced errors by 6.3% for CO2, 70.66% for N2, 
and 65.25% for CH4. 
Acknowledgements 
The authors wish to acknowledge the assistance and support provided by Universiti Teknologi PETRONAS, and the Ministry of 
Science, Technology, and Innovation, Malaysia for the financial fund (Project No. 06-02-02-SF0178). 
References 
[1] E. Bet-moushoul, Y. Mansourpanah, K. Farhadi, TiO2 nanocomposite based polymeric membranes: a review on performance improvement for various 
applications in chemical engineering processes, Chemical Engineering Journal, 283 (2016) 29-46. 
[2] H. Cong, M. Radosz, B. Towler, Y. Shen, Polymer–inorganic nanocomposite membranes for gas separation, Separation and Purification Technology, 55 
(2007) 281-291. 
[3]  D. Gomes, S.P. Nunes, K.-V. Peinemann, Membranes for gas separation based on poly(1-trimethylsilyl-1-propyne)–silica nanocomposites, Journal of 
Membrane Science, 246 (2005) 13-25. 
[4]  A.D. Kiadehi, M. Jahanshahi, Fabrication and Evaluation of Functionalized Nano-titanium Dioxide (F-NanoTiO2)/polysulfone (PSf) Nanocomposite 
Membranes for Gas Separation, Iranian Journal of Chemical Engineering, 11 (2014) 40-49. 
[5]  M. Sadeghi, M.A. Semsarzadeh, H. Moadel, Enhancement of the gas separation properties of polybenzimidazole (PBI) membrane by incorporation of silica 
nano particles, Journal of Membrane Science, 331 (2009) 21-30. 
[6] S. Hosseini, L.I. Y, T. Chung, Y. Liu, Enhanced gas separation performance of nanocomposite membranes using MgO nanoparticles, Journal of Membrane 
Science, 302 (2007) 207-217. 
[7]  S.M. Momeni, M. Pakizeh, Preparation, characterization and gas permeation study of PSf/MgO nanocomposite membrane, Brazilian Journal of Chemical 
Engineering, 30 (2013) 589-597. 
[8]  J.C. Maxwell, A Treatise on Electricity and Magnetism, in, Clarendon Press, , Oxford, 1873. 
[9]  R.H.B. Bouma, A. Checchetti, G. Chidichimo, E. Drioli, Permeation through a heterogeneous membrane: the effect of the dispersed phase, Journal of 
Membrane Science, 128 (1997) 141-149. 
[10]  R. Pal, Permeation models for mixed matrix membranes, Journal of colloid and interface science, 317 (2007) 191-198. 
[11] J.D. Felske, Effective thermal conductivity of composite spheres in a continuous medium with contact resistance, International Journal of Heat and Mass 
Transfer, 47 (2004) 3453-3461. 
[12]  W.I. Higuchi, A new relationship for the dielectric properties of two phase mixtures, The Journal of Physical Chemistry, 62 (1958) 649-653. 
[13]  S. Morteza, S. Mohammad Ali, B. Mehdi, C. Mahdi Pourafshari, Gas separation properties of polyether-based polyurethane–silica nanocomposite 
membranes, Journal of Membrane Science, 376 (2011) 188-195. 
[14]  S. Morteza, T. Mohammad Mehdi, G. Behnam, S. Mohammadreza, Preparation, characterization and gas permeation properties of a polycaprolactone based 
polyurethane-silica nanocomposite membrane, Journal of Membrane Science, 427 (2013) 21-29. 
[15]  E.E. Gonzo, M.L. Parentis, J.C. Gottifredi, Estimating models for predicting effective permeability of mixed matrix membranes, Journal of Membrane 
Science, 277 (2006) 46-54. 
[16]  H. Vinh-Thang, S. Kaliaguine, Predictive models for mixed-matrix membrane performance: a review, Chemical reviews, 113 (2013) 4980-5028. 
[17] J. Ahn, W.-J. Chung, I. Pinnau, J. Song, N. Du, G.P. Robertson, M.D. Guiver, Gas transport behavior of mixed-matrix membranes composed of silica 
nanoparticles in a polymer of intrinsic microporosity (PIM-1), Journal of Membrane Science, 346 (2010) 280-287. 
[18]  T.T. Moore, W.J. Koros, Non-ideal effects in organic–inorganic materials for gas separation membranes, Journal of Molecular Structure, 739 (2005) 87-98. 
[19]  T.-S. Chung, L. Jiang, Y. Li, S. Kulprathipanja, Mixed matrix membranes MMMs comprising organic polymers with dispersed inorganic fillers for gas 
separation, Prog. Polym. Sci. , 32 (2007) 483-507. 
[20]  M. Scholz, T. Harlacher, T. Melin, M. Wessling, Modeling Gas Permeation by Linking Nonideal Effects, Industrial & Engineering Chemistry Research, 52 
(2013) 1079-1088. 
[21]  G. Xomeritakis, S. Naik, C.M. Braunbarth, C.J. Cornelius, R. Pardey, C.J. Brinker, Organic-templated silica membranes I. Gas and vapor transport 
properties, Journal of Membrane Science, 215 (2003) 225-233. 
[22]  B. Shimekit, H. Mukhtar, S. Maitra, Comparison of predictive models for relative permeability of CO2 in matrimid-carbon molecular sieve mixed matrix 
membrane, Journal of Applied Sciences, 10 (2010) 1204-1211. 
[23]  O. Bakhtiari, N. Sadeghi, The Formed Voids around the Filler Particles Impact on the Mixed Matrix Membranes’ Gas Permeabilities, International Journal 
of Chemical Engineering and Applications, 5 (2014) 198-203. 
 
